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Abstract

Dynamic cables, serving as the critical link between floating wind turbines and submarine
cables, are subjected to significant tension fluctuations and bending deformations under
environmental loading. While deep-water systems have been widely studied, investigations
of large-capacity wind turbines in shallow water environments remain limited. This
study establishes a coupled numerical model of an IEA 15 MW floating wind turbine
and its dynamic cable system at a water depth of 50 m. The platform’s six-degree-of-
freedom motions were calculated under 0°, 90°, and 180° loading directions, followed by a
systematic analysis of lazy-wave dynamic cable response characteristics. Results indicate
that platform motions and dynamic cable responses are strongly direction-dependent in
shallow water, with the 0° loading direction identified as the governing design case due to
peak curvature and tension levels. Analysis reveals that the touchdown point location is the
primary driver of tension response, while cable length increments predominantly influence
bending. Utilizing these insights, a multi-objective fitness function was integrated with a
Particle Swarm Optimization (PSO) algorithm. The optimized configuration significantly
reduced peak curvature and total cable length, providing a theoretical framework and
engineering guidance for the design of high-capacity floating wind systems in shallow-
water regions.

Keywords: dynamic power cable; floating offshore wind turbine; lazy-wave configuration;
particle swarm optimization; optimization

1. Introduction

Offshore wind energy, a renewable power source, has attracted significant interest for
its minimal land footprint, abundant wind resources, and great potential for large-scale
development [1]. However, as nearshore sites become increasingly saturated, offshore
wind development is gradually shifting toward deep and ultra-deep waters. This transition
requires a shift from traditional fixed-bottom structures to floating foundations. Projections
suggest that by 2050, floating offshore wind will account for 5-15% of the total global
offshore wind capacity [2]. Despite this optimistic outlook, floating offshore wind turbines
(FOWTS) still face several key technical challenges [3]. Principal among these is ensuring
the long-term reliability and integrity of the power transmission system [4]. Historical
data indicates that the majority of operational downtime and associated economic losses in
offshore projects stem from submarine cable failures [5,6]. Unlike conventional static cables,
dynamic power cables connect a floating turbine to submarine cables. Their mid-span
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segments are suspended in the water column and subjected to complex dynamic loads
induced by wind, waves, currents, and platform motions. These persistent cyclic loads
make the cables particularly susceptible to fatigue damage [7], which necessitates a rigorous
analysis of their dynamic response.

Extensive research has been devoted to the configuration and dynamic response of
dynamic cables. In terms of dynamic behavior of dynamic cables, Martinelli et al. [8]
conducted scaled model tests at a water depth of 100 m to investigate the dynamic behavior
of catenary and lazy-wave dynamic cables, demonstrating that the introduction of buoy-
ancy modules effectively reduces loads in the suspended cable segments. Zhao et al. [9]
compared lazy-wave and double-wave configurations for 5 MW turbines in shallow water,
finding that double-wave designs improved curvature control, though long-term fatigue
remains under-explored. Beier et al. [10] analyzed the fatigue life of cables for 5 MW
floating turbines at a water depth of 200 m, showing that bending stress is the dominant
factor inducing fatigue damage. Ahmad et al. [11] proposed configuration optimizations for
dynamic cables in 5 MW floating turbine arrays at a water depth of 320 m, demonstrating
that small buoyancy modules promote uniform tension. Guo et al. [12] performed dynamic
and fatigue analyses of dynamic cables, showing that increasing cable mass and modifying
suspension angles effectively reduces curvature. Ericka et al. [13] designed lazy-wave
dynamic cables for floating wind turbines at water depths of 800 m, 200 m, and 80 m,
and analyzed the effective tension and curvature of the dynamic cables. Anna et al. [14]
conducted scaled model tests of dynamic cables for floating wind turbines at a water depth
of 70 m, showing that the dynamic response of dynamic cables is significantly influenced
by the motion of the floating turbine.

In terms of structural optimization of dynamic cables, Rentschler et al. [15] utilized
genetic algorithms at water depths of 70-200 m, reducing the buoyant segment length to
18-23% of the total cable length. Schnepf et al. [16] employed long short-term memory
neural networks to optimize dynamic cable configurations for 5 MW floating turbines at a
depth of 320 m, achieving a significant reduction in total cable length. Zhao X et al. [17]
proposed a machine-learning framework for lazy-wave dynamic cables at a water depth
of 119.5 m, achieving an 18.3% reduction in maximum curvature while satisfying tension
constraints. Zhao B et al. [18] analyzed the effective tension and bending curvature of
dynamic cables at a water depth of 100 m under various design loads, and developed a
connection optimization scheme based on fracture morphology, demonstrating that the
ultimate load-bearing capacity increased by 17.5% after optimization. Wang et al. [19]
proposed a stepwise optimization method for lazy-wave dynamic cables using a mass-
damping equivalent model, achieving complex multi-objective optimization progressively
under still water, regular wave, and random wave conditions.

In summary, existing research primarily focuses on deep-water environments or
small-capacity turbines. Systematic investigations into lazy-wave cables for large-capacity
turbines in shallow-water environments remain limited. The influence of key parameters,
such as the touchdown point location and total cable length, on tension and curvature
has not been fully elucidated. To address this gap, the present study develops a coupled
numerical model of an IEA 15 MW floating wind turbine and dynamic cable at a water
depth of 50 m. First, the motion response characteristics of the floating platform under
extreme conditions are analyzed. On this basis, the dynamic response behavior of the
dynamic cable is investigated to reveal the influence of cable length and touchdown point
position on tension and curvature responses. Furthermore, a Particle Swarm Optimization
(PSO) method is introduced to optimize the lazy-wave dynamic cable configuration.
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2. Structural Parameters

This study employs the IEA 15 MW reference wind turbine developed by the Interna-
tional Energy Agency (NREL, Golden, CO, USA). The turbine features a rotor radius of
120 m, a tower length of 139.5 m, and a hub height of 150 m. This model has been widely
adopted in floating wind turbine dynamics research; its primary parameters are detailed in
Table 1.

Table 1. Key Parameters of the IEA 15 MW Wind Turbine [20].

Parameter Value Unit
Rated Power 15 MW
Rotor Diameter 240 m
Hub Diameter 7.94 m
Hub Height 150 m
Cut-in Wind Speed 3 m/s
Rated Wind Speed 10.59 m/s
Cut-out Wind Speed 25 m/s
Tower Mass 1263 t
RNA Mass 991 t

The floating wind turbine is designed for a deployment site with a water depth of
50 m, utilizing the VolturnUS-S semi-submersible foundation. The foundation has a total
length of 102.13 m, a width of 90.13 m, and a height of 35 m, with a draft of 20 m and a total
mass of 17,854 t; its primary parameters are detailed in Table 2.

Table 2. Key Parameters of the VolturnUS-S semi-submersible foundation [21].

Parameter Value Unit
Platform type semi-submersible -
Displacement 20,206 m3
Length 90.13 m
Width 102.13 m
Height 290.00 m
Freeboard 15 m
Draft 20 m
Vertical center of gravity from SWL —14.95 m
Vertical center of buoyancy from SWL —13.63 m
Total mass 20,108 t
Platform mass 17,854 t

The mooring system consists of nine catenary lines in a 3 x 3 symmetric configuration.
The fairleads are located 10 m above the waterline, with an anchor radius of 500 m. The
specific mooring parameters are listed in Table 3.

For offshore wind turbines above 10 MW, 66 kV flexible cables have become the
mainstream power collection method [23]. In this study, a 66 kV double-armored three-core
dynamic cable is adopted, and its cross-sectional structure is shown in Figure 1.

The cable structure includes the conductor core, filling, inner sheath, armor layer, and
outer sheath. Buoyancy modules are integrated to maintain the lazy-wave configuration,
ensuring that curvature and tension requirements are met under operating conditions.
Detailed cable parameters are provided in Table 4. The bending curvature limit of 0.455
and tension limit of 599 kN of the dynamic cable adopted in this study were provided by
the cable manufacturer in accordance with CIGRE TB862 [24] and CIGRE TB623 [25].
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Table 3. Key Parameters of the Mooring System [22].

Parameter Value Unit
Mooring Type Catenary -
Chain Grade R4 Studless -
Number of Lines 9 -
Mooring Radius 500 m
Anchor Depth 50 m
Fairlead Height 10 m
Chain Diameter 0.210 m
Dry Weight 0.878 t/m
Axial Stiffness 3,770,000 kN
Breaking Strength 32,880 kN
Fairlead Pre-tension 1098 kN
1- Copper conductor
2- Filling
3- Inner sheath
4- Armoring steel wires
5- Outer sheath
Figure 1. Cross-sectional structure of the cable.
Table 4. Key Parameters of the Dynamic Cable.
Parameter Value Unit
Outer Diameter 0.1513 m
Dry Weight 0.396 kN/m
Bending Stiffness 14.1 kN-m?
Axial Stiffness 575.5 MN
Torsional Stiffness 97.5 kN-m?2
Maximum Tension 599 kN
Minimum Bending Radius 22 m
Floater Outer Diameter 0.63 m
Floater Length 1 m
Buoy Spacing 4 m
Net Buoyancy 1.88 kN

According to the characteristics of the lazy-wave configuration, the cable is divided

into three distinct segments: the hang-off section L1, the buoyancy section L, and the

touchdown section L3, with the total cable length represented by L. Drawing on the

findings of Rentschler et al. [15], a segment length ratio of Ly : L, : L3 = 1:1: 2 was

adopted. At the design water depth of d = 50 m, the hang-off point is positioned H = 30 m

above the seabed. The touchdown point is established on the leeward side of the turbine,
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located at a horizontal distance D from the vertical projection of the hang-off point, as
shown in Figure 2.

Water surface ’/ —‘

Hang-off point N

L ,(Hang-off section) d
H
Seabed L,(Buoyancy section)_L;(Touchdown section)
f | Touchdown
D point

Figure 2. Schematic layout of the lazy-wave dynamic cable.

3. Calculation Theory
3.1. Lazy-Wave Configuration

The mechanical characteristics of a dynamic cable are typically investigated in two se-
quential stages: static analysis and dynamic analysis. The catenary method is commonly
applied during the static analysis phase due to its clear physical interpretation and computa-
tional efficiency. The lazy-wave configuration assumes the dynamic cable is homogeneous,
flexible, and inextensible. By introducing distributed buoyancy modules into a traditional
catenary structure, the dynamic cable forms a spatial configuration similar to a wave profile.
As shown in Figure 3, ws represents the submerged weight per unit length of the cable, and
wy, is the net buoyancy per unit length of the buoyancy section. T, and Tj, are the vertical
and horizontal tension components at the hang-off point, respectively. X1, X, and X3 are
the horizontal projections of each segment, while Z;, Z, and Z3 denote their respective
vertical heights. The angle 6, is the declination angle at the hang-off point; 8, and 65 are
the tangent angles at the segment junctions; and 0, is the tangent angle at the touchdown
point. The length of the hang-off section is L1, the length of buoyancy section is Ly and the
length of touchdown section is L3. The total cable length represented by L.

The tension at the hang-off point can be expressed as:

Ty = ws(L1 + L3) + wpLy 1)
Ty

= 2

h tan6, @

The following series of equations are derived to solve the lazy-wave geometry:

wsL3

03 = tan~ ! (tanfy + ) (©)]
wyLy + Ty tan6s

6, = tan~}( T
h

) (4)
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wsLq + Tytanb;

01 = tanY( T
h

) ©)

Based on classical catenary theory, the force analysis of a segment yields:

Tsinf =T, = wsL (6)

TcosO =T, (7)
Ty wsL

tanf = T, T, 8)

Taking a differential element along the catenary:

2
dL:(LHmF@mxfz 1+<?L> (dX)? )
v
ax= (10)
s L
1+ (%5)
Gldr
Az = ! (11)
s L
1+ (45)
7
I, 6, \T+dl  Tptdl,

T, +dT, <51

h

Xi X, X

3

X,
Figure 3. Design parameters for the lazy-wave configuration.

Integrating Equations (10) and (11) results in the following expressions for the hori-
zontal and vertical projections:

Ty wsL\?  wsL
X =1 1 12
Ws n * ( Ty, ) * Ty ( )
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7= T iy (L) T (13)
T ws T, wsL
Simplifying these equations leads to the following expressions:

Lo [ 22 0

Ws

wsL\?
T= VT2 + @l =T (55) +1= T+ @z (15)
h
X = Esinh_1 <wSL> (16)
s Ty

Combining Equations (1)—(16) allows the calculation of the horizontal projections X,
Xy, and X3 and the key heights Z;, Z;, and Z3.

3.2. Lumped Mass Method

The lumped mass method discretizes the dynamic cable into a series of nodes con-
nected by massless line segments. The nodes represent the physical properties of the
dynamic cable, including mass, weight, and buoyancy. The segments utilize axial, bending,
and torsional springs, along with corresponding dampers, to simulate the tensile, bending,
and torsional characteristics of the dynamic cable, as illustrated in Figure 4. This method
accounts for the hydrodynamic forces and elastic deformations experienced by the ca-
ble. Compared to the finite element method, it offers good computational accuracy and
significantly higher computational efficiency, which has led to its widespread adoption.

" __.KTorsmn spring
., +damper

Axial spring /

+damper

Bending springs

+dampers \

n, (axial direction)

[N

Figure 4. Schematic of the lumped mass method.

3.3. Effective Tension and Bending Curvature

Under the influence of hydrostatic pressure, the effective tension of the dynamic cable
is calculated as follows:

T, = Tw + (1 — 20)poAg + EAe(dL/dt)/ Lo (17)
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where T, is the effective tension and T, is the wall tension (T;, = EAe¢). In this expression,
v denotes the Poisson’s ratio, pp represents the external pressure, Ay is the cross-sectional
area of the cable, and EA is the axial stiffness. The parameter e refers to the cable damping
coefficient, dL/dt is the rate of length increase, Ly is the initial length of the cable element,
and ¢ is the total average axial strain.

The bending angle of the dynamic cable element is defined as the angle between the
element axis S, and the node axis n,, from which the effective curvature x of the cable can
be derived. The expression for the bending moment is given by:

M = EIx 4 (A;/100)D,-dx / dt (18)

where EI is the bending stiffness of the dynamic cable, A; is the target bending damping,
D, is the critical bending damping value, and dx/dt represents the rate of change in
the curvature.

3.4. Particle Swarm Optimization

Particle Swarm Optimization (PSO) is a stochastic optimization method based on
swarm intelligence. It functions by constructing a search population composed of multiple
“particles” that collaboratively search for the optimal solution within a solution space. Each
particle represents a potential solution and continuously adjusts its search direction by
tracking its own historical best position and the global best position of the entire swarm,
thereby achieving iterative optimization of the objective function. The Particle Swarm
Optimization algorithm does not rely on gradient information of the objective function;
it updates the search direction solely by comparing fitness values, which gives it strong
applicability [26]. Its population-based collaborative mechanism endows the algorithm
with robust global search capability. Furthermore, PSO involves only a few control parame-
ters, such as population size, inertia weight, acceleration coefficients, maximum number of
iterations, and fitness tolerance, making it easy to implement. Therefore, this study adopts
the PSO algorithm for the optimization of dynamic cables. In each iteration, the velocity
and position of a particle are updated based on their values from the previous time step.
Let V;(t) and X;(t) denote the velocity and position of particle i at time ¢, respectively. The
update formulas for velocity and position at time step t + 1 are as follows:

Vi(t+1) = wVi(t) + crri(pBest;(t) — Xi(t)) + cara(gBest;(t) — X;(t)) (19)

Xi(t+1) = Xi(t) + Vi(t) (20)

where V;(t 4 1) is the velocity of particle i at time ¢ + 1, and X;(t + 1) is the position of
particle i at time t + 1. The parameter w is the inertia weight, representing the confidence in
the current velocity direction; c; and ¢, are learning factors used to adjust the maximum
step size; r1 and rp are random values in the range [0, 1] used to enhance search stochasticity;
pBest;(t) is the historical best position of particle 7 at time ¢, and gBest;(t) is the global best
position of particle i at time .

4. Results and Discussion
4.1. Motion Response Characteristics of the Floating Wind Turbine

The motion of the floating platform defines the boundary conditions at the hang-off
point of the dynamic power cable, directly influencing its tension and curvature charac-
teristics. Therefore, analyzing the platform’s motion is a prerequisite for evaluating the

response of the dynamic cable. To obtain the motion response under extreme environmental
conditions, a coupled numerical model of the floating wind turbine and dynamic cable

https:/ /doi.org/10.3390/jmse14080747
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was established using the professional hydrodynamic software OrcaFlex 11.4, as shown in
Figure 5.

Figure 5. Schematic of the coupled numerical model for the floating wind turbine and dynamic cable.

This study references the OrcaFlex official KO3 example model and establishes a
floating wind turbine model using the IEA 15 MW turbine and the VolturnUS-S platform.
This model has been cross-validated between OrcaFlex and OpenFAST (v3.3), ensuring the
accuracy of the turbine-platform modeling. The dynamic cable parameters are set following
reference [14]: the drag coefficient is based on OrcaFlex’s built-in Reynolds-dependent
variable drag coefficient; the added mass coefficients are selected according to DNVGL-OS-
C101 [27] and DNV-RP-C205 [28], with a normal coefficient of 1.0 and an axial coefficient of
0.05. The top end of the dynamic cable is connected to the floating platform, and its bottom
end is anchored to the seabed, with a discretization element length of 0.1 m. The numerical
simulations employ the implicit integration algorithm, which is recommended by OrcaFlex.
The simulation time duration for each case is 3600 s with a time step of 0.05 s.

In this study, dynamic analysis of a floating offshore wind turbine’s dynamic cable
under extreme sea conditions is carried out. The extreme sea condition parameters are
derived from in situ measurements at an offshore wind farm site in the South China Sea
and are listed as follows: the wind speed is 57 m/s at the hub height, the significant wave
height Hy = 10.4 m, the peak period T, = 14.9 s, the peak enhancement factor = 3.3, and
the current velocity is 2.46 m/s.

The platform motion response is most significant under the three loading directions of
0°,90°, and 180° [9]. Therefore, three cases were simulated with wind, wave, and current
directions set to 0°, 90°, and 180°, as illustrated in Figure 6.

Under extreme conditions, the motion characteristics of the floating platform exhibit
significant directional dependency. Figure 7 presents the 6-DOF motion time-series re-
sponses of the platform under different loading directions. The results indicate that surge
and pitch are primarily driven by longitudinal loads, showing significant responses at 0°
and 180°. Notably, the surge response is highest at 180°, reaching a peak value of —29.03 m,
which is substantially greater than the maximum surge displacement of 18.11 m at 0°. This
result is consistent with the findings of Ericka et al. [13], whose analysis of a 15 MW floating
wind turbine also shows that the platform displacement under the 180° loading direction
is greater than that under the 0° direction. The corresponding maximum pitch angles at
0° and 180° are 10.22° and —10.54°, respectively, indicating that surge is more sensitive
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to the loading direction. Sway;, roll, and yaw motions are mainly affected by transverse
loads, with extreme values occurring under the 90° load direction. The maximum sway
displacement reaches 23.27 m, roll angle is —8.14°, and yaw angle is 4.61°. Heave motion is
less sensitive to the load direction, with a maximum displacement of —6.05 m. The extreme
values of all platform degrees of freedom are summarized in Table 5, providing quantitative
boundary conditions for the dynamic cable hang-off points.

0°
L1
—_
L

L3
4>

Wind

Wave

—>
—
g 90°

Current

L4 15
L6

LoL8

180°

Figure 6. Schematic of different environmental loading directions.
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Figure 7. Time-series response curves of the 6-DOF motions of the floating wind turbine under

various wind, wave, and current directions.
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Table 5. Extreme motion responses (offsets) of the floating wind turbine platform.
Surge/m Sway/m Heave/m Roll/° Pitch/° Yaw/°
—29.03 23.27 —6.05 —8.14 —10.54 4.61

4.2. Sensitivity Analysis of Dynamic Cable Configuration Parameters

The dynamic response characteristics of the lazy-wave dynamic cable were investi-
gated under 0°, 90°, and 180° loading directions to evaluate the influence of cable length
and touchdown position on its performance. This analysis provides the theoretical basis for
subsequent structural optimization. In shallow-water conditions, if the horizontal distance
D between the touchdown point and the hang-off point is too small, the geometric con-
figuration of the lazy-wave dynamic cable is altered. This reduces or eliminates the slack
section, leading to enhanced axial stretching effects and unfavorable structural responses.
Therefore, D was set to values of 2H, 3H, 4H and 5H, where H is the height of the hang-off
point. The parameter ! represents the cable length increment relative to distance D, with
values of 30 m, 35 m, 40 m, 45 m, and 50 m.

Under the 0° loading direction, the maximum curvature and tension of the lazy-wave
dynamic cable exhibit significant trends relative to the configuration parameters, as shown
in Figure 8 and summarized in Table 6. The maximum curvature increases significantly with
the touchdown distance D but decreases as the length increment / grows. When / = 30 m,
the maximum curvature increases from 0.489 at D = 60 m to 0.599 at D = 120 m, an increase
of 22%, and both values exceed the curvature limit of 0.455. In contrast, when | = 50 m, the
maximum curvature increases only by 3%, from 0.364 at D = 90 m to 0.377 at D = 150 m.
This is because, for a lazy-wave dynamic cable with a constant /, increasing D expands
the sag range of the suspended section, making platform-induced displacements more
likely to cause localized bending concentration and higher peak curvatures. Conversely,
for a constant D, increasing [ enhances the cable slackness, thereby mitigating the bending
deformation caused by platform excursions. Notably, when I = 30 m, the maximum
curvature in all cases exceeds the breaking curvature limit of 0.454 rad /m, indicating an
insufficient safety margin when the cable length is short. Regarding tension response, the
maximum tension increases with both D and I. When [ is fixed at 50 m, the maximum
tension increases from 25.17 kN to 46.90 kN as D increases, corresponding to a relative
increase of approximately 86%. When D is fixed at 60 m, the maximum tension increases
from 43.45 kN to 46.90 kN as [ increases, with a change rate of only about 7%. This suggests
that the touchdown point position has a more dominant influence on the axial tensile
response than the cable length increment.

0.7 65r
—&D-60m D= m
. —a—D=90m —=—D=90m
EO.@ —4A—D=120m 55} —4A—D=120m
‘:‘ ) —4—D=150m ——D=150m
St ~
-
2058 M
E S Max Curvature %45‘
3 S N A A A
) —
E04f g 35t
= = —
=
e
= 0.3 25
=
[
0.2 . . : . 15 y : ’ y
30 35 40 45 50 30 35 40 45 S0

Length increment relative to D, 1 (m) Length increment relative to D, 1 (m)

(a) maximum curvature (b) maximum tension

Figure 8. Variation curves of maximum curvature and maximum tension of the dynamic cable under
0° loading direction with respect to touchdown point distance D and length increment I.
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Table 6. Maximum curvature and tension of the dynamic cable for different touchdown point
distances D and length increments | under 0° loading direction.

D (m) I (m) Maximum Curvature Maximum Tension (kN)
30 0.489 16.82
35 0.422 18.41
60 40 0.399 20.82
45 0.362 21.86
50 0.376 25.17
30 0.513 30.10
35 0.457 30.59
90 40 0.395 30.65
45 0.391 31.66
50 0.364 32.45
30 0.599 36.44
35 0.483 37.23
120 40 0.403 37.73
45 0.389 38.00
50 0.375 37.92
30 0.555 43.45
35 0.547 43.12
150 40 0.468 44.79
45 0.423 48.20
50 0.377 46.90

Figure 9 illustrates the variation in maximum curvature and tension under the 90°
loading direction. The corresponding extreme value statistics are presented in Table 7.
While the maximum curvature tends to increase with both D and [, at D = 60 m and
I = 50 m, the maximum curvature is 0.281, and the overall curvature level is significantly
lower than that under the 0° loading condition. This is because, under lateral loading, the
platform motion is dominated by sway and roll, which have a smaller impact on the cable’s
axial direction. Furthermore, the lateral environmental loads increase the axial tension of the
cable, reducing the degree of bending and thus lowering peak curvature. As the touchdown
point distance D increases, the length of the suspended section grows, increasing the lateral
forces acting on the cable and leading to a significant rise in maximum tension; when
D = 60 m, the maximum tension is 13.24 kN; when D = 150 m, the maximum tension is
35.65 kN. In contrast, the maximum tension shows minimal sensitivity to changes in the
length increment /, confirming that the touchdown point position is the critical parameter
governing tension response under 90° wind, wave, and current conditions.

Under the 180° loading direction, the variation in maximum curvature and tension
with respect to D and [ is shown in Figure 10 and summarized in Table 8. The maximum
curvature exhibits a downward trend as the touchdown point distance D increases, while it
increases slightly with the length increment /; when D = 60 m and [ = 50 m, the curvature
reaches its maximum value of 0.416, which is below the curvature limit. This occurs
primarily because, under 180° loading, the longitudinal platform motion results in cable
stretching, which suppresses the formation of slack zones and relatively weakens localized
bending deformation. While the maximum tension increases with D, it gradually decreases
as [ rises. Specifically, at I = 30 m, increasing D from 60 m to 90 m reduces the maximum
tension by approximately 96 kN, highlighting the significant regulatory effect of the TDP
position on the tension response. It is worth noting that when D = 60 m, as [ increases
from 30 m to 35 m, the maximum tension decreases by 98.96 kN; the closer TDP makes the
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lazy-wave dynamic cable geometric configuration more sensitive to platform excursions,
resulting in a higher sensitivity of curvature and tension to parameter variations.
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Figure 9. Variation curves of maximum curvature and maximum tension of the dynamic cable under
90° loading direction with respect to touchdown point distance D and length increment [.

Table 7. Maximum curvature and tension of the dynamic cable for different touchdown point
distances D and length increments | under 90° loading direction.

D (m) I (m) Maximum Curvature Maximum Tension (kN)
30 0.157 13.08
35 0.173 12.17
60 40 0.166 13.24
45 0.182 12.75
50 0.281 10.10
30 0.112 20.81
35 0.114 19.77
90 40 0.122 19.84
45 0.131 19.89
50 0.141 19.9
30 0.090 27.02
35 0.096 26.77
120 40 0.102 26.39
45 0.108 25.45
50 0.117 25.09
30 0.084 34.21
35 0.081 33.37
150 40 0.083 35.65
45 0.093 31.03
50 0.096 28.45

Comparing the results across the three loading directions, it is evident that the loading
direction directly dictates the platform’s motion characteristics, significantly altering the
kinematic constraints at the hang-off point and thereby affecting the bending and tensile
response mechanisms.

In the 0° loading direction, longitudinal platform motion is most pronounced. This
increases the reserve length of the cable, enhancing bending effects. Combined with the
cable’s self-weight and current drag, the tension fluctuations are significant, leading to
overall higher maximum tension and curvature compared to other directions. In the 90°
loading direction, the platform moves predominantly in the transverse direction. The cable
remains in a more stretched state, significantly reducing curvature, although maximum
tension is heavily influenced by hydrodynamic drag. In the 180° loading direction, the
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reverse longitudinal motion maintains the cable in a tensioned state, reducing maximum
curvature. Furthermore, the current alters the lazy-wave profile and reduces the suspended
length, leading to a decrease in tension.

061 _ 150
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(a) maximum curvature (b) maximum tension
Figure 10. Variation curves of maximum curvature and maximum tension of the dynamic cable

under 180° loading direction with respect to touchdown distance D and length increment I.

Table 8. Maximum curvature and tension of the dynamic cable for different touchdown point distance
D and length increment / under 180° loading direction.

D (m) I (m) Maximum Curvature Maximum Tension(kN)
30 0.241 121
35 0.251 22.04
60 40 0.298 13.75
45 0.372 13.36
50 0.416 13.1
30 0.235 25.06
35 0.239 18.52
90 40 0.269 18.13
45 0.279 17.68
50 0.270 17.27
30 0.215 20.87
35 0.216 20.83
120 40 0.218 20.38
45 0.219 19.85
50 0.223 19.32
30 0.164 23.48
35 0.168 23.3
150 40 0.187 22.95
45 0.201 22.02
50 0.212 21.5

Under the 0° loading direction, the maximum curvature of the dynamic cable is 0.599,
significantly higher than those under the 90° direction and the 180° direction. Under the
180° loading direction, the maximum tension is 121 kN, exceeding those under the 0°
direction and the 90° direction. Therefore, the 0° direction governs the curvature response,
while the 180° direction governs the tension response. These findings are consistent with
the results reported in [12,19].

Comparing the adopted dynamic cable limits, the tension limit is 599 kN, far above
the maximum measured values under all loading directions. The curvature limit is 0.455,
whereas the maximum curvature under the 0° direction is 0.599, which exceeds this limit.
This agrees with the conclusion in [13] that “curvature is the governing parameter for
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dynamic cables in shallow water”. Consequently, within the selected parameter range,
the 0° loading case is identified as the governing condition for the extreme response of
the dynamic cable. All subsequent configuration optimization and fitness analyses are
therefore based on the 0° loading direction.

To systematically evaluate the response characteristics under various parameter com-
binations and guide configuration optimization, a comprehensive assessment of maximum
curvature and tension was performed. A fitness function is defined to evaluate the com-
bined response:

F = Tmax , Pmax (21)
T P
where F is the fitness function, Ty4y is the maximum tension from motion analysis, T is the
allowable tension, Py is the maximum curvature from analysis, and p is the allowable
curvature. The fitness function measures the comprehensive utilization degree of tension
and curvature relative to their limits; lower values indicate a higher safety margin and
superior overall structural response.

The calculated fitness function curves for the 0° loading direction are shown in
Figure 11. As the TDP moves further away (D increases), the fitness function rises, whereas
it decreases and eventually stabilizes as the length increment / increases. This phenomenon
suggests that when the TDP is closer to the hang-off point, the lazy-wave structure fully
utilizes its geometric slack effect, effectively buffering the axial stretching and bending
responses caused by longitudinal platform motion and providing a higher safety margin.
Regarding the length increment /, once it exceeds a certain threshold, the contribution of
additional redundant length to reducing extreme responses diminishes, as evidenced by
the stabilization of the fitness function. This indicates that the structural slack capacity
has approached saturation. Based on the coupling between cable response and platform
motion, a horizontal distance of D = 2H is recommended for the touchdown point. This
conclusion is consistent with the findings of Rentschler et al. [15].

1.6
——D=60m
—#—D=90m
1.44 —A—D=120m
——D=150m

Fitness value

0.6 1 L 1 I

30 35 40 45 50
Length increment relative to D, 1 (m)

Figure 11. Variation curves of the fitness function under 0° loading direction with respect to touch-
down distance D and length increment /.

4.3. PSO-Based Optimization Design

In shallow-water environments, the dynamic response of a lazy-wave dynamic cable is
governed not only by the touchdown distance and platform excursions but also significantly
by the lengths of the individual cable segments. Building upon the preceding parametric
sensitivity analysis, this study introduces the PSO algorithm to perform a multi-objective
optimization of the lazy-wave dynamic cable configuration. By constructing a fitness func-
tion that integrates structural response characteristics (maximum curvature and maximum
tension) with economic indicators (total cable length), a coordinated optimization of safety
and cost-effectiveness is achieved.
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The specific optimization procedure is as follows. First, a numerical model is estab-
lished in OrcaFlex, including the floating wind turbine, dynamic cable, and environmental
parameters. The lengths of the hang-off section (L), buoyancy section (L,), and touchdown
section (L3) are selected as optimization variables, with ranges of 540 m, 5-40 m, and
10-80 m, respectively. Subsequently, the PSO algorithm is initialized with a population size
of 50, a maximum iteration count of 100, and a fitness tolerance of 1 x 1074, together with
the inertia weight, individual learning factor, and social learning factor. Particle positions
and velocities are randomly initialized within the variable bounds. For each particle’s geo-
metric parameter combination, the solver is automatically invoked via the OrcaFlex Python
API to perform static and dynamic time-domain simulations. The maximum tension Tmax
and maximum curvature pmax are extracted from the simulation results. Constraints on
cable length, maximum curvature, and maximum tension are handled using a combination
of hard constraints and penalty methods. The personal best and global best positions
are then updated according to the fitness values, and the iteration process follows the
standard PSO velocity and position update formulas. The optimization proceeds until
the fitness change over consecutive iterations falls below the tolerance or the maximum
number of iterations is reached. Finally, the globally optimal geometric parameters and
the corresponding response values are output. The optimization workflow is illustrated in
Figure 12.
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Figure 12. Flowchart of the PSO algorithm for lazy-wave dynamic cable optimization.

The fitness function incorporates the normalized maximum curvature py;5x, maximum
tension Ty, and total cable length L, as shown in Equation (22).

Timax Omax 1
F— a 1ax\p =7 22
() (P () 22)
where F is the fitness function, «, 8,y represents the weight coefficients reflecting the
relative importance of each indicator. T,y is the maximum tension from motion analysis,
T is the allowable tension, P,y is the maximum curvature from analysis, and p is the
allowable curvature. L is the total length of dynamic cables.
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Using an initial cable length of 105 m and a horizontal touchdown point distance of
60 m as the baseline, the structural optimization was conducted. The optimization results,
shown in Figure 13, demonstrate that, while satisfying all structural safety constraints,
the maximum curvature shows a significant downward trend as iterations increase. This
indicates that localized bending concentrations are effectively mitigated, and the struc-
tural safety margin is substantially improved. In contrast, the maximum tension remains
relatively stable and within acceptable limits. Furthermore, the total cable length after
optimization is lower than that of the initial design, confirming that the optimized configu-
ration improves dynamic performance while reducing material usage, thereby enhancing
economic feasibility.
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Figure 13. Optimization results of the lazy-wave dynamic cable using the PSO algorithm.

In summary, this optimization successfully lowered the peak curvature and reduced
the total cable length without significantly increasing the axial tensile response, demon-
strating a robust comprehensive optimization effect.

A comparative analysis of the cable length parameters before and after optimization
is provided in Table 9. In this table, L; represents the length of the hang-off section, L,
represents the length of the buoyancy section, L3 represents the length of the touchdown
section, and L represents the total length of the cable. The lengths of the hang-off section
and buoyancy section increased slightly, while the touchdown section length and the
cable total length (L) were substantially reduced. This suggests that in shallow water,
the optimization process improves the geometric buffering capacity to mitigate platform-
induced bending concentrations while reducing redundant length in the lower section to
minimize material costs.
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Table 9. Dynamic cable parameters: before vs. after optimization.
Length Before Optimization After Optimization
Ly 26 30
L 26 30
L 53 35
L 105 95

Further analysis of the curvature and tension distribution along the cable reveals that
curvature remains high in the touchdown and buoyancy sections, with the peak curvature
consistently occurring in the touchdown section, as shown in Figures 14 and 15, identifying
it as the zone most sensitive to bending. Post-optimization, the curvature in the buoyancy
section shows a minor decline, while the curvature in the touchdown section is significantly
reduced. This suggests that the original design had excessive structural redundancy in the
touchdown section, which exacerbated bending concentration; shortening this segment
effectively redistributes the bending loads.
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Figure 14. Curvature and tension responses of the dynamic cable before optimization.
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Figure 15. Curvature and tension responses of the dynamic cable after optimization.

Regarding tension distribution, the maximum tension occurs at the hang-off point
and gradually attenuates along the cable length, reflecting that tension is primarily driven
by self-weight and platform-induced axial stretching. Following optimization, tension
changes in the buoyancy and touchdown sections are negligible, while tension at the
hang-off point increases slightly. This occurs because the reduced length of the touchdown
section provides less load alleviation for the upper structure, causing a portion of the axial
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load to transfer to the hang-off point. Simultaneously, the increased lengths of the hang-off
and buoyancy sections redistribute the overall tension.

Ultimately, the optimization primarily improves the bending response distribution
by adjusting configuration parameters, with a limited impact on the overall axial tension
level. This confirms that curvature is the dominant governing response under these specific
operating conditions.

5. Conclusions

This study investigated the dynamic response mechanisms and structural optimization
of lazy-wave dynamic power cables under extreme sea states. A coupled numerical model
of a floating wind turbine and a dynamic cable was established to systematically reveal
the influence of key parameters—specifically environmental loading direction, touchdown
point position, and cable length—on tension and curvature responses. Furthermore, a multi-
objective optimization method was proposed to balance structural safety with economic
feasibility. The primary innovative conclusions are as follows:

Impact of Environmental Loading on Platform Dynamics: The study identified the
dominant motion modes of the floating platform under extreme environmental loading and
their subsequent influence on the boundary conditions of the dynamic cable. The results
show that the 6-DOF responses of the platform exhibit significant directional dependency.
Shifting environmental directions causes transitions in the primary motion modes, thereby
altering the distribution of axial and transverse force components along the cable. This
establishes a clear kinematic foundation for analyzing dynamic cable response mechanisms.

Tension-Curvature Control Mechanisms: The investigation systematically elucidated
the governing mechanisms of the tension-curvature response in lazy-wave dynamic cables.
The study reveals that, under shallow-water conditions, the 0° loading direction constitutes
the governing design case. The touchdown point distance is identified as the primary
parameter controlling the axial tension response, while the cable length increment predom-
inantly regulates the bending response level. A recommended value for the touchdown
point distance D (relative to the hang-off point) is provided for shallow-water applications.

PSO-Based Optimization Framework: A multi-objective configuration optimization
process for lazy-wave dynamic cables was successfully implemented using the Particle
Swarm Optimization algorithm. By coupling the numerical model with the optimization
algorithm, global search and parameter iteration were achieved under complex nonlinear
dynamic conditions. The resulting optimal solution significantly reduced peak curvature
and total cable length while satisfying all structural strength constraints. This demon-
strates the effectiveness and engineering feasibility of the proposed method under complex
environmental loads.

In summary, this study not only clarifies the response characteristics of lazy-wave
dynamic cables for floating wind turbines under various loading directions in shallow water
but also establishes a multi-objective optimization framework using the Particle Swarm
Optimization method. These findings provide a theoretical basis and methodological
support for the parameter selection and optimal design of dynamic power cables for
large-capacity floating wind turbines in shallow-water environments.

However, future research will focus on the following aspects. Firstly, only three typical
loading directions are considered in the current study. Subsequent work should adopt a
finer directional interval and also consider the misalignment between wind, wave, and
current directions to fully capture the directional sensitivity of the dynamic cable response.
Secondly, this study focuses on extreme sea conditions; normal operating condition sim-
ulations and time-domain fatigue analysis based on long-term sea state statistics will be
carried out to evaluate accumulated fatigue damage. Thirdly, the current optimization ob-
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jective function is relatively simple, and the selection of weighting factors lacks sensitivity
analysis. Subsequent research will introduce a multi-objective optimization framework
and systematically conduct weight sensitivity analysis to enhance the robustness of the
optimization results. Finally, the current model can be extended to other cable configu-
rations and different water depths, enabling further investigation of dynamic cables for
large-capacity floating wind turbines in shallow water.
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